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Morphology, ultrastructure, and molecular phylogeny of the
marine planRtonic phytoflagellate Heterosigma akashiwo
(Raphidophyceae, HeteroRontophyta) from the tropical Pacific
Ocean, Mexico
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Morfologia, ultraestructura y filogenia molecular del
fitoflagelado plancténico marino Heterosigma akashiwo
(Raphidophyceae, HeteroRontophyta) del Océano Pacifico
tropical, mexicano

David U. Hernandez-Becerril'®* ', Jovanny Arana-Garcia’ &/, Alexis Escarcega-Bata’

Abstract:

Background and Aims: Marine planktonic phytoflagellates of the class Raphidophyceae (Heterokontophyta) comprise a small group of species char-
acterized by medium-sized, fragile, solitary and motile cells, mostly photosynthetic, important primary producers and capable of forming harmful
algal blooms (HAB) and producing several substances harmful to fishes. In this work, one strain of the potentially ichthyotoxic raphidophyte Hetero-
sigma akashiwo from one location of the tropical Mexican Pacific was established and studied.

Methods: The morphology and ultrastructure of the species were studied in detail, using Light Microscopy (LM) and Transmission Electron Microscopy (TEM).
Additionally, molecular phylogenies, based on LSU rDNA sequences, were performed.

Key results: Our findings were consistent with previous morphological descriptions: mobile, solitary, naked and fragile cells with a high morphological variabil-
ity, from ovoid or oblong to spheroidal shape, slightly flattened dorsiventrally, two unequal flagella, numerous golden-brown chloroplasts, and one centrally
located nucleus. Ultrastructural details showed organelles of the cells such as nucleus, nucleolus, chloroplasts, pyrenoids, plastoglobules, mitochondria, fla-
gella, mucocysts and vacuoles. Our findings evidenced some differences with previous studies, such as size and shape of nucleus and chloroplasts and their
pyrenoids, and the detection of plastoglobules. The molecular phylogeny showed that the sequence obtained in this study coincided in the clade formed by
sequences of the species from other areas in the Atlantic and Pacific Oceans from both hemispheres, with 100% support.

Conclusions: This is the first study of the morphology and ultrastructure of Heterosigma akashiwo from the tropical Mexican Pacific, showing the general and
particular features as in other parts of the world, and molecular phylogeny confirmed the morphological identification. The species displays certain ecological
features which can provide advantages in producing blooms. The species is widespread globally and broadly distributed in coastal areas of the Mexican Pacific.
Key words: Mexican Pacific, morphology, phylogeny, phytoplankton, ultrastructure.

Resumen:

Antecedentes y Objetivos: Los fitoflagelados plancténicos marinos de la Clase Raphidophyceae (Heterokontophyta) comprenden un pequefio grupo de espe-
cies caracterizadas por células de tamafio mediano, fragiles, solitarias y moviles, fotosintéticas, productores primarios importantes, y capaces de formar proli-
feraciones algales nocivas (PAN) y producir sustancias nocivas a los peces. En este trabajo se establecid y estudié una cepa de la raphidophyte potencialmente
ictiotoxica Heterosigma akashiwo de una localidad del Pacifico tropical mexicano.

Meétodos: La morfologia y ultraestructura de la especie se estudiaron con detalle, utilizando Microscopia de Luz (ML) y Microscopia Electrénica de Transmision
(MET). Adicionalmente, se elaboraron filogenias moleculares basadas en secuencias de LSU rADN.

Resultados clave: Nuestros hallazgos fueron consistentes con descripciones morfoldgicas previas: células solitarias, méviles, desnudas y fragiles con gran va-
riabilidad, formas ovoides, oblongas a esferoides, ligeramente comprimidas dorsoventralmente, con dos flagelos desiguales, numerosos cloroplastos dorado-
cafés, y un nucleo localizado en el centro. Los detalles ultraestructurales mostraron organelos de la célula como nucleo, nucléolo, cloroplastos, pirenoides,
plastoglébulos, mitocondrias, flagelos, mucocistos y vacuolas. Algunas diferencias con estudios anteriores fueron evidentes, como la forma y el tamafio del
nucleo, los cloroplastos y sus pirenoides, y la deteccion de plastogldbulos. La filogenia molecular demostré que las secuencias obtenidas en este estudio se
agruparon en el clado formado por secuencias de la especie en otras areas de los Océanos Atlantico y Pacifico de ambos hemisferios con 100% de soporte.
Conclusiones: Este es el primer estudio de la morfologia y ultraestructura de Heterosigma akashiwo del Pacifico tropical mexicano, que ha mostrado sus ca-
racteristicas generales y particulares como en otras regiones del mundo, mientras que la filogenia molecular confirmé la identidad morfolégica de la
especie. La especie exhibe ciertas caracteristicas ecoldgicas que provee ventajas para la formacion de proliferaciones. Se distribuye ampliamente en
los mares de todo el mundo, asi como en areas costeras del Pacifico mexicano.

Palabras clave: filogenia, fitoplancton, morfologia, Pacifico mexicano, ultraestructura.
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Introduction

Planktonic golden-brown phytoflagellates belonging to the
Raphidophyceae (Heterokontophyta) are important prima-
ry producers, usually occurring as solitary and motile cells,
with high potential to produce harmful algal blooms (HAB),
especially in coastal marine waters (Throndsen, 1997; Hal-
legraeff and Hara, 2004; Horiguchi, 2017). The cells are
medium to large sized (20-80 um in length), monads with
no rigid covering or wall, two typical heterokont (heterody-
namic) flagella arising from the apex of the cells, and nu-
merous green, yellow or golden chloroplasts (Jeffrey and
Vesk, 1997; Throndsen, 1997; Hallegraeff and Hara, 2004;
Horiguchi, 2017; Mehdizadeh Allaf, 2023). Mucocysts are
present in the members of this group, and the photosyn-
thetic pigments include chlorophylls a, ¢, + ¢,, fucoxanthin,
violaxanthin and B, B-carotene (Jeffrey and Vesk, 1997).
The cells are extremely fragile and are not usually recogniz-
able in preserved phytoplankton field samples (Throndsen,
1997; Hallegraeff and Hara, 2004; Horiguchi, 2017).

This group contains a reduced number of genera (10)
and species, truly photosynthetic, with representatives in
marine and freshwater environments (Horiguchi, 2017).
There are reports of mixotrophic behavior among raphido-
phytes (Jeong, 2011). Production of “reactive oxygen spe-
cies” (ROS), mucus secretion, toxin production and hemo-
lytic activity are attributed to members of these microalgae
(Yang et al., 1995; Khan et al., 1997; Twiner and Trick, 2000;
Marshall et al., 2005; Dorantes-Aranda et al., 2015; Horigu-
chi, 2017).

Heterosigma akashiwo (Hada) Hada ex Y.Hara & Chi-
hara is a raphidophyte of worldwide distribution with high
potential to form HAB and kill fish (Smayda, 1998; Halle-
graeff and Hara, 2004; Lassus et al., 2016; GOmez et al.,
2022; Anderson et al., 2021; Mehdizadeh Allaf, 2023). The
species produces allelopathic substances (protein-polysac-
charide complex), causing changes in species diversity (Me-
hdizadeh Allaf, 2023). Regarding fish kills, the toxic mech-
anism is not well known, but it includes both gills clogged
by mucus and gill-cells destruction by hemolytic substances
(Chang et al., 1990) and neurotoxin production (Khan et al.,
1997). Hemolytic effects on fish gill-cells are assumed to be
due to the secretion of ROS (Twiner and Trick, 2000; Lassus
et al., 2016).
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The genus Heterosigma Hada ex Y.Hara & Chihara has
historically been well-known and studied, and traditionally
used to encompass only one recognized species, Heterosig-
ma akashiwo, although more recently another species was
described, Heterosigma minor Tomas, Engesmo & Eikrem
(Engesmo et al., 2016). The latter species was found to be
morphologically smaller, rounder and with fewer muco-
cysts than H. akashiwo (Engesmo et al., 2016), and, accord-
ing to its secondary structure of ITS2, Heterosigma minor is
sister to H. akashiwo (Engesmo et al., 2016).

Most probably, the first report of raphidophyte mi-
croalgae in the plankton from Mexican coastal waters
was made by Hernandez-Becerril and Bravo-Sierra (1999),
where the species Heterosigma akashiwo was successful-
ly cultured, identified and described. Later, Cortés-Lara et
al. (2003) detected high cell densities (4-6 x 10° cells 1) of
Fibrocapsa cf. japonica in one small bay in the central Mex-
ican Pacific, whereas Bravo-Sierra (2004) included the ra-
phidophycean algae in his approach of the potentially toxic
and harmful phytoflagellates from Mexican waters. A more
complete account of the group was provided by Band-
Schmidt et al. (2004), where the species Chattonella mari-
na (Subrahmanyan) Y.Hara & Chihara, Fibrocapsa japonica
S.Toriumi & H.Takano and Heterosigma akashiwo were rec-
ognized, described and illustrated from cultures established
from several spots of different locations form both the Gulf
of Mexico (Atlantic Ocean) and the Mexican Pacific. Since
then, numerous reports of various raphidophyte species
have been made, in coastal waters of the Mexican Pacific,
especially the Gulf of California (Band-Schmidt et al., 2005;
Martinez-Ldpez et al., 2006; Garate-Lizarraga et al., 2009),
even recording “marine die-offs” due to blooms of Chat-
tonella marina and Chattonella marina cf. ovata (Barraza-
Guardado et al., 2004; Cortés-Altamirano et al., 2006).
Heterosigma akashiwo was also included in the review of
the toxic and harmful marine phytoplankton and microal-
gae in Mexican coasts (Hernandez-Becerril et al., 2007).

More recently, studies on pigment content, toxic-
ity and molecular phylogeny of the species Chattonella
subsalsa B.Biecheler, Chattonella marina and Fibrocap-
sa japonica were made, confirming additionally the oc-
currence of Chattonella subsalsa in the Gulf of California
(Band-Schmidt et al., 2012). A review of the raphidophyte
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microalgae of the marine phytoplankton in Mexico was pro-
vided by Hernandez-Becerril (2014), and another review of
the group in the Gulf of California was made by Lopez-Cortés
et al. (2016). Finally, Meave del Castillo and Zamudio-Resén-
diz (2018) cited Chattonella antiqua (Hada) C.Ono and
Fibrocapsa japonica as species potentially forming HAB in
Acapulco Bay, in a more tropical zone of the southern Mex-
ican Pacific.

The detailed study of Heterosigma akashiwo, a promi-
nent member of the Raphidophyceae, with a global distribu-
tion, especially its morphological variability, ultrastructural
characteristics and its recognition by molecular phylogeny,
had not been previously made in waters of the Mexican Pacif-
ic. Therefore, the aim of this work was to study the morphol-
ogy (including the morphological variation), ultrastructure
and molecular phylogeny of Heterosigma akashiwo based
on cultures established from a location in the Acapulco Bay,
a tropical area of the southern Mexican Pacific, to provide a
complete characterization of the species in that area.

Material and Methods

Sampling and culture establishment

Surface samples were collected using a Van Dorn bottle (3l)
in the ‘Parque de la Reina’ station, in Acapulco Bay, south-
ern Mexican Pacific (16°50'58.8"N, 99°54'1.6"W) (Fig. 1) in
November 2021. Temperature was 29 °C and salinity 35 PSU
(Practical Salinity Units). One live sample was protected from
light and transported in a cold container to the laboratory
(Laboratorio de Diversidad y Ecologia del Fitoplancton Ma-
rino, Instituto de Ciencias del Mar y Limnologia, Universidad
Nacional Auténoma de México) for further analysis. The un-
fixed sample was filtered with a 20 um pore size mesh and
then passively concentrated by gravity using a 3 um mem-
brane filter. The cells of interest were isolated under an in-
verted microscope (Invertoskop Zeiss, Jena, Germany) using
sterile micropipettes and placed in a 96-well plate pre-filled
with IMK culture medium (Daigo’s, Wako, Tokyo, Japan). Cul-
ture conditions were temperature 24 °C, salinity 35 PSU, and
a 12:12 light/darkness photoperiod.

Microscopy
Observations of living cells of one strain (HAC6) were carried
out with a bright field light microscope (Olympus BX40F-3,

Acta Botanica Mexicana 133: e2560 | 2026 | https://doi.org/10.21829/abm133.2026.2560

Tokyo, Japan), at 40x and 100x. Cell movements, measure-
ments and micrographs were obtained with a camera Canon
G10 (Tokyo, Japan).

Ultrastructure

TEM samples were prepared according to Papini et al.
(2017) and Benico et al. (2019). Two milliliters of expo-
nentially growing culture of strain HAC6 were pre-fixed
in glutaraldehyde (2% final concentration) and post-fixed
in osmium tetroxide (OsO,) (1% final concentration) for 8
h, followed by dehydration using a series of ethanol solu-
tions (30%, 50%, 70%, 90%, 95% and 100%). They were
then embedded in low-viscosity resin, sectioned, and
stained with uranyl acetate and lead citrate. Observations
were made using a JEOL-JEM-1200 (Tokyo, Japan) at an
acceleration voltage of 100 kV.

DNA extraction, PCR and sequencing

DNA was extracted using a commercial kit (Zymo Re-
search, USA), following the manufacturer’s instructions.
For PCR amplification, partial LSU rDNA sequences, the
primers D1R-F (5-ACCCGCTGAATTTAAGCATA-3’)
D2C-R (5’-CCTTGGTCCGTGTTTCAAGA-3’) (Scholin et al.,
1994) as well as a commercial master mix (PROMEGA

and

GoTaq G2 Hot Start) were used. The thermocycling con-
ditions (BIO RAD T100, California, USA) were as follows:
initial denaturation at 95 °C for 3 min, followed by 35 cy-
cles at 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 1 min,
with a final extension at 72 °C for 10 min (Escarcega-Bata
et al., 2021). The PCR products were confirmed via elec-
trophoresis of 1% agarose gels. Sequencing and purifica-
tion (Sequencer iSeq100 lllumina, California, USA) were
performed in the genomic sequencing laboratory of the
Instituto de Biologia, Universidad Nacional Auténoma de
Mexico (Mexico City).

Alignment and phylogenetic analysis

Sequences were aligned in BioEdit v. 7.0.5 (Hall, 1999)
with those of a selected group of species of the order Ra-
phidophyceae, obtained from GenBank of the National
Center for Biotechnology Information. The diatom Cylin-
drotheca closterium (Ehrenberg) Reimann & J.C.Lewin was
used as the outgroup. Usually, members of Heterokonto-
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Figure 1: Location of the study area, Acapulco Bay, southern Mexican Pacific. Drawings by Jovanny Arana-Garcia.

phyta (including Bacillariophyceae -diatoms-, Dictyocho-
phyceae -silicoflagellates and others-, and other Raphido-
phyceae) have been used as outgroup in the molecular
phylogenies of Heterosigma akashiwo and most raphido-
phytes (Engesmo et al., 2016; Flores-Lefiero et al., 2022;
Lum et al., 2022) (Appendix). The phylogenetic analyses
were performed using Maximum Likelihood (ML) and
Bayesian Inference (BI) for the 28S marker. The ML analy-
sis was performed in RAXML (Stamatakis, 2006). Support
for each branch was determined from 1000 bootstrap
replicates. The Bl analysis was performed in MrBayes v.
3.2.2 (Ronquist et al., 2012). The evolutionary model GTR
(general time reversible) was selected based on the Max-
imum Likelihood ratio test, using the jModeltest software
(Posada, 2008). Four Markov chain Monte Carlo chains
were used, starting with a random tree and sampling ev-
ery 1000 iterations for 1 x 108 generations, discarding the
first 25% of trees (chain warm-up). Pairwise distance val-
ues (p-distances), Jukes-Cantor corrected distances were
calculated in MEGA v. 11 (Tamura et al., 2011).
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Results

Description of the species

In LM we observed vegetative cells solitary and motile,
naked and fragile, and quite variable in shape and size.
The cells are ovoid or oblong to spheroidal, slightly flat-
tened dorsiventrally, 18-26 um in length, 11-16 um in
width (n=48) (Fig. 2A-H). The cells have no rigid covering
such as theca or wall. Usually, each cell has two unequal,
heterodynamic flagella which are inserted in an ante-
ro-lateral furrow close to the apex (Fig. 2C, D). One fla-
gellum is directed anteriorly and moves actively, whereas
the other (posterior one) is rigid and has occasional and
slow movement (Fig. 2D-F). The furrow extends and cross-
es obliquely the ventral part of cell, located 1/4-1/3 of the
cell length ending about the middle of each cell (Fig. 2D).
There are 14-24 discoid, brown to yellow chloroplasts
per cell, located in the periphery, and a round to slight-
ly elongate nucleus, centrally situated (Fig. 2B-H). Some
scattered mucocysts were occasionally detected (Fig. 2E).
No small, resting cells or cysts were found.
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Figure 2: Heterosigma akashiwo (Hada) Hada ex Y.Hara & Chihara, morphological variability of the species in LM. A-D. several different alive specimens
from culture show many round, brown to yellow chloroplasts, centrally located nucleus, anterior and posterior flagella and furrow; E, F. one specimen
in two different moments, showing the two flagella and mucocysts (arrowheads); G, H. two other cells with different shapes. Af=anterior flagellum,
F=furrow, N=nucleus, Pf=posterior flagellum. All micrographs by David U. Hernandez-Becerril.

Ultrastructure

Irregularly shaped cells were observed as in LM, ovoid to ob-
long, with no thick membrane or rigid covering, but with ex-
trusomes (Fig. 3A-C). Numerous small to medium-sized and
nearly round chloroplasts in the periphery of the cells, and
relatively large and rounded to oblong nucleus, centrally lo-
cated, some nuclei additionally showed a nucleolus (Fig. 3A-
D). Several mitochondria were present, mainly distributed
around the nucleus (Fig. 3A-D). Sometimes, dense granules at
the periphery, close to the cell membrane, were found and in-
terpreted as mucocysts (Fig. 3A, C). The two flagella (anterior
and posterior, respectively) were occasionally seen in section
(Fig. 3C, 4E).
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The nuclei were medium to relatively large, irregular-
ly circular, although some were oblong, situated in the center
of the cell (Fig. 3A, B, D). The nucleolus was conspicuous, al-
though it was not always observed in the nuclei, and there was
only one nucleolus per nucleus (Fig. 3A, B, D); a structure inter-
preted as a nucleus blebbing was detected (Fig. 3D, asterisk).

The chloroplasts appeared almost circular, showing not
very differentiated pyrenoids, directed to the center of the cell
(Fig. 3A-D, 4A, B). These chloroplasts were surrounded by two
membranes of the chloroplast envelope and two membranes
of the chloroplast endoplasmic reticulum (Fig. 4A, B). The
thylakoids were arranged in groups of three, and additionally
very tiny spherical plastoglobules were also detected among
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Figure 3: Heterosigma akashiwo (Hada) Hada ex Y.Hara & Chihara, ultrastructural features in TEM. A, B. two different cells showing various organelles
and structures; C. one complete cell showing details of the two flagella, chloroplasts and mitochondria; D. details of the nucleus (with a possible
nucleus blebbing, asterisk), nucleolus, chloroplasts and mitochondria. Af=anterior flagellum, Ch=chloroplasts, M=mitochondria, Mc=mucocysts,
N=nucleus, Nu=nucleolus, Pf=posterior flagellum, Py=pyrenoid. All micrographs by David U. Hernandez-Becerril.
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thylakoids (Fig. 4A, B). We found a maximum of three thyla-
koids (in bundles) penetrating the pyrenoid (Fig. 4A, B), and
empty spaces at opposite extremes, which were interpreted
as genophores (Fig. 4B, asterisks).

Mitochondria showed classical tubular cristae (Fig.
4C-E). Vesicles containing fibrous material were additionally
found at the anterior part of a cell, close to the external mem-
brane (Fig. 4C), and electron dense material surrounding an
almost perfectly rounded empty space (a hole?) or a vesicle
(Fig. 4D). The anterior and posterior flagella sections showed
the typical structure of 9 + 2 microtubules (Fig. 4E). The mas-
tigonemes (hairs), usually occurring in the anterior flagellum,
were not seen. Mucocysts found at the periphery of the cell
were observed in detail in a close-up (Fig. 4F, G).

Phylogeny

One partial LSU rDNA sequence was obtained for Heterosig-
ma akashiwo. The final LSU alignment (750 bp) included 61
sequences. Phylogenetic reconstruction from the LSU dataset
(with high phylogenetic support; ML/BI=95/0.96) was per-
formed with sequences of the Class Raphidophyceae (Fig. 5).
In the resulting topology, sequences of H. akashiwo formed
a monophyletic clade with maximum phylogenetic support
(ML/BI=100/1) (Fig. 5). The clade formed by sequences of H.
akashiwo, grouped sequences of samples collected in differ-
ent localities of the Atlantic and Pacific Oceans (both in their
eastern and western parts) (Fig. 5). Thus, this clade was re-
solved as a sister clade (with maximum phylogenetic support;
ML/BI=100/1) of the species Heterosigma minor (Fig. 5).

The uncorrected genetic distances (p-distances) and
corrected genetic distances (the best model) compared be-
tween sequences of the species Heterosigma akashiwo were
0.0%. However, the calculated genetic distances for species of
the order Raphidophyceae ranged from 3.8 to 24.8% (p-dis-
tances), and 3.8 to 35.7% for corrected distances based on the
best model (Table 1).

Discussion

Morphological variation and ultrastructural fea-
tures

Considerable morphological variability of the species Het-
erosigma akashiwo was found in this study, correspond-
ing with irregular ovoid, oblong and spheroidal cells, with
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many brown to yellow chloroplasts in the periphery, pre-
viously described (Hara and Chihara, 1987; Fukuyo et al.,
1990; Throndsen, 1997; Law and Lee, 2013; Lassus et al.,
2016). The shape of the cells has been named as “pota-
to-shaped” cells by some authors (e.g., Hallegraeff and
Hara, 2004). This high degree of morphological variation
(size and shape of the cells) is usually found in this spe-
cies all over the world (Hara and Chihara, 1987; Law and
Lee, 2013; Branco et al., 2019; Gémez et al., 2022). We
herein found and illustrated cells of the species with dif-
ferent size and shapes, which might be the results of both
(1) cell stress, with cells distorted under some time under
the heat and light of the light microscope, and (2) differ-
ent stages in culture conditions: actively growing cells,
“young” or “aged” cultures (Papini et al., 2017).

The species can produce resting stages, such as
small cells, resting cells and cysts as well as cell clusters
(Kim et al., 2023). Resting cells and cysts usually sink to
the bottom sediments. Cysts appear mostly spherical,
immobile and smaller than the vegetative cells (around
10-15 um in diameter), yellow-greenish to golden brown
in color, with various chloroplasts, and embedded in mu-
cilaginous material (Imai et al., 1993; Itakura et al., 1996;
Kim et al., 2015). The life history of the species has been
recently studied, showing complex cycles, including cell
clusters and homothallic sexual reproduction (Kim et al.,
2023). We were unable to find resting stages, cell clusters,
and cells undergoing sexual reproduction in our strain.

Studies on the ultrastructure of Heterosigma akashi-
wo made here also showed a previously reported picture
about the general structure (shape of cells) and organ-
elles (e.g., nucleus, chloroplasts, mitochondria). However,
some differences were also found, such as the size and
shape of the nucleus, which was originally observed as a
large drop-shaped nucleus in close contact with the fla-
gellar roots (Hara and Chihara, 1987; Fukuyo et al., 1990;
Hallegraeff and Hara, 2004). In our study, nuclei were
nearly rounded and not very large, although they were
located in the center of the cell. Parra et al. (1991) showed
a similar situation, with circular to pyriform nuclei. More
than one nucleolus has been reported in previous studies
(Hara and Chihara, 1987), although we only detected one
in one nucleus.
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Figure 4: Heterosigma akashiwo (Hada) Hada ex Y.Hara & Chihara, details of ultrastructural features in TEM. A, B. details of the structure of
the chloroplasts, with their pyrenoids, thylakoids (arrows), plastoglobules (arrowheads), and possible genophores (asterisks); C. details of the
mitochondria, vacuole and fibrous materials; D. another section showing mitochondria, chloroplast and an empty space (a hole?) or a vesicle
(asterisk); E. details of the two flagella, mitochondria and chloroplast; F, G. close-up of the mucocysts in the cell periphery. Af=anterior flagellum,
Ch=chloroplasts, Fm=fibrous material, M=mitochondria, Mc=mucocysts, Pf=posterior flagellum, Py=pyrenoid, V=vacuole. All micrographs by David
U. Hernandez-Becerril.
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The size and shape of the chloroplasts observed in
our study also differed from the almost triangular chloro-
plasts shown previously for Heterosigma akashiwo (Hara
and Chihara, 1987; Fukuyo et al., 1990; Parra et al., 1991;
Papini et al.,, 2017). In their ultrastructural study, Branco
et al. (2019, fig. 5f) and Orlova et al. (2019) showed more
rounded chloroplasts too. We confirm the presence of the
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two membranes of the chloroplast envelope and two mem-
branes of the chloroplast endoplasmic reticulum (Larkum
and Vesk, 2003). The pyrenoids we observed in our study
were not very well-differentiated, because of a reduced ma-
trix, although this reduced matrix was also shown by Branco
et al. (2019). In previous papers, pyrenoids were situated
at one inner angle of the triangular chloroplasts (Hara and




Hernandez-Becerril et al.: Heterosigma akashiwo from the Mexican Pacific

Table 1: Genetic divergence (percentage) between sequences of Raphidophyceae for the 28S rDNA. Uncorrected distances are shown below the
diagonal, and Jukes-Cantor distance values are located above the diagonal. Letters highlighted in bold indicate data generated in this study.

1 3 4 5 6 7
1.- Heterosigma akashiwo PQ319687 - 4.9 22.8 22.1 23.7 23.7 30.1
2.- Heterosigma minor KP780268 4.8 21.9 21 22.3 23 29.9
3.- Chattonella tenuiplastida LC721675 19.6 19.0 - 6.06 3.8 4.2 34.6
4.- Chattonella malayana LC721667 19.1 18.3 5.8 - 8.5 8.5 35.7
5.- Chattonella subsalsa MH297979 20.3 19.3 3.8 8.05 - 5.1 34.6
6.- Chattonella antiqua MH297980 20.3 19.8 4.1 8.05 4.97 - 343
7.- Fibrocapsa japonica MH297983 24.8 24.6 27.7 284 27.7 27.5 -

Chihara, 1987; Papini et al., 2017), whereas we found these
structures still orientated towards the centre of the cell. We
found structures similar to what was termed genophores by
Hara and Chihara (1987) in few chloroplasts.

These differences may be the result of the degree of
culture development (exponential growth phase or station-
ary phase, senescent phases, physiological stages of cells)
(Papini et al., 2017; Orlova et al., 2019), but particularly due
to various artefacts in the methods followed to observe sec-
tions of the cells by TEM, most importantly the fixative pro-
cedures, which could cause that some organelles have been
slightly enshrined and/or deformed.

We detected tiny and spherical structures among
the thylakoids within the chloroplasts, the plastoglob-
ules, which were first shown to be occurring in Heterosig-
ma akashiwo by Larkum and Vesk (2003, fig. 6), although
they did not mention or notice them. Papini et al. (2017)
more recently termed them as plastoglobules, followed by
Orlova et al. (2019). Papini et al. (2017) additionally found
that the number and electron density of these plastoglob-
ules changed with the age of their cultures, while Orlova
et al. (2019) noticed an increase of these structures in sta-
tionary phase. Similar structures have also been found in
Chattonella subsalsa (Branco et al., 2019, fig. 2b), a close
relative of H. akashiwo. In plants, and most possibly in all
photosynthetic organisms, the “plastoglobules function as
both lipid biosynthesis and storage subcompartments of
thylakoid membranes” (Austin Il et al., 2006).

All cells observed in this study belonging to Hetero-
sigma akashiwo differed morphologically from the other
Heterosigma species, its sister H. minor, basically in terms
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of size and shape. Heterosigma minor is smaller (7-11.7 um
length and 6.9-11.5 um width) and it is more rounded than
H. akashiwo (10.5-25 um length and 6-17 um width) (En-
gesmo et al., 2016). We recorded 18-26 pm in length and
11-16 um in width in our specimens of H. akashiwo. Addi-
tionally, there are 6-14 chloroplasts in H. minor, whereas we
counted 14-24 per cell. Finally, Engesmo et al. (2016) also
mentioned the character of fewer mucocysts in H. minor
compared with H. akashiwo, although we did not observe
this feature.

Phylogeny

The data set analyzed from partial sequences of LSU rDNA
in Heterosigma akashiwo revealed a monophyletic clade,
distributed among different localities around the world. It
is important to notice that the set of sequences analyzed
for this species did not exhibit divergence at the intraspecif-
ic level, which is consistent with the data shown by Enges-
mo et al. (2016) and Branco et al. (2019). In the topologies
shown by Hosoi-Tanabe et al. (2006) and Engesmo et al.
(2016), not all the available sequences in GenBank that cor-
respond to H. akashiwo were considered. However, in both
analyses a polytomy was observed, indicating the presence
of a single taxonomic identity. Branco et al. (2019) included
a greater number of LSU rDNA sequences from different lo-
calities around the world, where a monophyletic clade for
H. akashiwo was observed. On the other hand, the relation-
ship between the H. akashiwo clade and the corresponding
subclade of the genus Chattonella Biecheler are consistent
with that previously reported by Engesmo et al. (2016): both
genera are grouped within the family Chattonellaceae. Hi-
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gashi et al. (2017) suggested that the mitochondrial genome
in H. akashiwo could be useful to distinguish strains of this
species in distant regions: the use of this highly variable
marker would result in an interesting alternative to the LSU
rDNA sequences.

Certain ecological features and distribution in the
Mexican Pacific Ocean

Heterosigma akashiwo has been a very important species
developing harmful blooms in many parts of the world.
Some ecological features can provide some adaptive advan-
tages and may be divided in (1) physical conditions, includ-
ing water column stratification which favors growth of the
species (Haigh and Taylor, 1990; Smayda, 1998), and bot-
tom-up controls which may function on mixed-species HAB
assemblages (Zhang et al., 2006), and (2) physiological char-
acteristics, for instance its capacity to tolerate a wide range
of salinities, or being a euryhaline species (Smayda, 1998;
Gomez et al., 2022), its diurnal migrations (Smayda, 1998),
and the high level of intraspecific variability within the spe-
cies: growth rates, pigments and light response curves (Go-
mez et al., 2022).

Smayda (1997) mentioned “swim” as an advanta-
geous strategy in flagellates, when compared to diatoms,
for instance (which use “sink” strategy), and additionally
“significant ecophysiological differences”, including mixo-
trophic tendencies, potential use of allelochemical mech-
anisms in intraspecific competition and antipredatory de-
fenses, and motility. Fredrickson et al. (2011) have proposed
ecotypes (biochemistry, physiology and toxicity) of Hetero-
sigma akashiwo, partially explaining several morphological
and physiological characteristics such as cell size, maximum
growth and photosynthetic rates, tolerance to low salinities,
amino acid use and toxicity. Finally, we have to consider the
cyst production in H. akashiwo, and its role in the bloom
formation (Itakura et al., 1996). Natural (and cultural) com-
binations of hydrographic conditions and ecophysiological
features might play an important role in the production of
blooms.

Heterosigma akashiwo is widely distributed in global
waters (Smayda, 1997, 1998; Lassus et al., 2016; Gomez et
al., 2022; Mehdizadeh Allaf, 2023). Engesmo et al. (2016)
and Mehdizadeh Allaf (2023) have published illustrated
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world maps with the global distribution of this species.
While it has been commonly reported in the western Pa-
cific Ocean, for most countries in Asia: very often cited in
Japan (Hara and Chihara, 1987), and Korea (Lee and Kim,
2008), Hong Kong (Law and Lee, 2013), until Malaysia (Hii
et al., 2021), the species is also recorded in the eastern Pa-
cific Ocean, where blooms have historically been record-
ed in several points and areas along the northeast Pacific
Ocean, coasts of Canada, USA and Mexico (Haigh and Tay-
lor, 1990; Horner et al., 1997; O’Halloran et al., 2006; Lewi-
tus et al., 2012; Lépez-Cortés et al., 2016; Rodriguez-Pala-
cio et al., 2019; Anderson et al., 2021), and also in coasts
of the southeast Pacific Ocean: Peru (Baylén et al., 2019;
Sanchez et al., 2021) and Chile (Parra et al., 1991; Gdmez et
al., 2022; Mardones et al., 2023). Extreme blooms caused
by H. akashiwo, reaching 210,000 cells ml*?, have been re-
cently recorded in the southern part of Chile (Mardones et
al., 2023).

In the Mexican Pacific Ocean, the reports of the spe-
cies were mentioned above, with no documented cases re-
porting fish kills (Hernandez-Becerril et al., 2007), as these
events were produced by blooms of its relatives Chattonella
marina and Chattonella marina cf. ovata (Barraza-Guarda-
do et al., 2004; Cortés-Altamirano et al., 2006). Although
Heterosigma akashiwo was recorded in Acapulco, the trop-
ical Mexican Pacific, by Band-Schmidt et al. (2004), the spe-
cies was illustrated only by two LM images, with almost no
information about their origin. More recent papers did not
include reports or illustrations of the species in the area,
nor was it included in the harmful algal lists (Meave del Cas-
tillo et al., 2012; Meave del Castillo and Zamudio-Reséndiz,
2018; Cervantes-Urieta et al., 2021). This is the first study
of the morphology, ultrastructure and molecular phylogeny
of the species from the Mexican Pacific, specifically a more
tropical area. It is relevant to identify H. akashiwo accu-
rately and monitor its populations and dynamics along the
Mexican Pacific.
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Appendix: Large subunit (LSU) rDNA sequences used for phylogenetic analysis, including geographic information and GenBank accession numbers.
The GenBank accession number in boldface corresponds to the sequence generated in this study. The analysis included a total of eight species.

Taxa Distribution data GenBank accession number
Cylindrotheca closterium (Ehrenberg) Reimann & Lewin Kattegat, Denmark AF417666
Chattonella tenuiplastida Lum, Lim, Takahashi, Teng, Benico & Iwataki Ko Chang, Thailand LC721674
Chattonella tenuiplastida Ko Chang, Thailand LC721675
Chattonella malayana Lum, Lim, Teng, Takahashi, Leaw, Lim & Iwataki Pantai Melawi, Malaysia LC721667
C. malayana Pantai Melawi, Malaysia LC721668
Chattonella subsalsa Biecheler Guanabara Bay, Brazil MH297979
C. subsalsa Guanabara Bay, Brazil MH297974
Chattonella antiqua (Hada) Ono South Bay, Brazil MH297980
Fibrocapsa japonica Toriumi & Takano Pereque Beach, Brazil MH297983
F. japonica North Sea, Germany JX067579
F. japonica Port Phillip Bay, Australia JX067580
Heterosigma akashiwo (Hada) Hada ex Hara & Chihara Acapulco Bay, Mexico PQ319687
H. akashiwo Sdo Miguel Beach, Brazil MH297982
H. akashiwo Guanabara Bay, Brazil MH297981
H. akashiwo Gokasyo Bay, Japan AB217644
H. akashiwo Nomaike, Japan AB217645
H. akashiwo Hiroshima Bay, Japan AB217646
H. akashiwo Japan AB217647
H. akashiwo Long Island, USA DQ470657
H. akashiwo Onagawa Bay, Japan DQ470658
H. akashiwo Vancouver, Canada DQ470659
H. akashiwo South Korea DQ470660
H. akashiwo South Korea DQ470661
H. akashiwo Masan Bay, South Korea DQ470662
H. akashiwo Hong Kong, China AY704161
H. akashiwo New Zealand AF210741
H. akashiwo New Zealand AF409124
H. akashiwo Japan LC210807
H. akashiwo Japan LC210806
H. akashiwo Japan LC210805
H. akashiwo Japan LC210803
H. akashiwo Japan LC210800
H. akashiwo USA LC210798
H. akashiwo USA LC210797
H. akashiwo Spain LC210795
H. akashiwo USA LC210793
H. akashiwo USA LC210788
H. akashiwo USA LC210787
H. akashiwo USA LC210786
H. akashiwo Japan LC210783
H. akashiwo Japan LC210779
H. akashiwo Japan LC210778
H. akashiwo Japan LC210777
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Appendix: Continuation.

Taxa Distribution data GenBank accession number
H. akashiwo Japan LC210776
H. akashiwo Japan LC210775
H. akashiwo Japan LC210771
H. akashiwo Japan LC210770
H. akashiwo Spain KP780271
H. akashiwo USA KP780266
H. akashiwo USA KP780265
H. akashiwo Denmark KP702901
H. akashiwo Denmark KP702900
H. akashiwo Denmark KP702899
H. akashiwo New Zealand KP702894
H. akashiwo New Zealand KP702897
H. akashiwo New Zealand KP702889
H. akashiwo USA KP702888
H. akashiwo USA KP702887
H. akashiwo Japan KP702886
H. akashiwo USA KP702885
Heterosigma minor Tomas, Engesmo & Eikrem USA KP780268
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